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A B S T R A C T
Biomass-derived furanyl ethers, such as 5-alkoxymethylfurfurals (AMFs) and 2,5-bis(alkoxymethyl)furans
(BAMFs), can be employed as promising biofuels or additives. The development of multifunctional catalysts for
the efficient production of furanyl ethers from sugars through 5-hydroxymethylfurfural (HMF) as an inter-
mediate is highly desirable but challenging, because multiple reactions including dehydration, etherification and
hydrogenation get involved and the side reaction of sugars and HMF to form humins is inevitable. In this
contribution, we found that the introduction of CuO resulted in the generation of Lewis acid sites at the cost of
Bronsted acid sites over CuO-USY catalysts through the formation of Al-O-Cu(II) species. The dispersity of CuO
particles and the amount of Lewis acid sites could be manipulated by adjusting the loading of CuO. If 5 wt% CuO
was supported on USY zeolite to give a CuO(5)-USY catalyst, CuO particles with a high dispersity (36.4%)
afforded abundant Lewis acid sites (457.1 μmol/g). Lewis acid over CuO(5)-USY greatly promoted the acid-
catalyzed dehydration of fructose to HMF and HMF etherification to AMFs, resulting in a HMF yield up to 86.2%
from fructose and AMFs yields greater than 90% from HMF. Interestingly, a combination of CuO(5)-USY and a
small amount of metallic Cu powder was able to offer desirable BAMFs yields by the reductive etherification of
HMF under hydrogen atmosphere. As a result, 5-methoxymethylfurfural (MMF) of 79.6% and 2,5-bis(methox-
ymethyl)furan (BMMF) yield of 74.5% were achieved from fructose through HMF as an intermediate in the
presence of CuO(5)-USY alone or with metallic Cu as a co-catalyst. Therefore, the above Cu-based catalyst system
holds the promise to flexibly produce a family of AMFs or BAMFs from fructose via a facile two-step approach.
1. Introduction
The ever-increasing environmental deterioration caused by the de-
pletion of fossil resources drives powerful momentum to produce che-
micals and clean fuels from renewable lignocellulosic biomass [1], One
of the main components of lignocellulose is cellulose, a polysaccharide
linked by a group of glucose molecules through glucosidic bonds. The
main approaches for the utilization of cellulose initially involve the
chemical and/or biological hydrolysis cellulose to glucose [2]. Glucose
can be isomerized into fructose [3], from which one can readily envi-
sion a number of promising liquid fuel components such as γ-valer-
olactone [4,5], 2,5-dimethylfuran [6], ethyl levulinate [7], and furanyl
ethers [8–13].
Furanyl ethers with different length of carbon chains have different
energy density and miscibility with commercial fuels, thus it is of great
interest to investigate the application and synthesis of furanyl ethers
from biomass and its derivatives. One example is 5-ethoxymethylfurfural
(EMF) that can be used directly as fuel or fuel additive due to its high
energy density (30.3 MJ/L), approximately 30% higher than that of
bioethanol (23.5 MJ/L) and close to that of diesel (33.6 MJ/L) or gaso-
line (31.1 MJ/L) [14]. Previous work in the production of EMF has op-
erated by first forming 5-(chloromethyl)furfural from fructose in HCl
solution, then nucleophilic substitution of CMF with ethanol formed EMF
and HCl [14]. Although high EMF yield was obtained in this process,
there are concerns about HCl recyclability and the introduction of un-
reacted halides into automobile fuel systems, which could cause
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premature wear [14,15]. Another approach for producing EMF involves
the formation of 5-hydroxymethylfurfural (HMF) as an intermediate via
acid-catalyzed dehydration of fructose, then HMF reacted with ethanol to
form EMF [10]. HMF also can be etherified with other C1-C4 alcohols to
produce a variety of mono-ethers with superior properties as fuel alter-
native [16]. For instance, 5-(t-butoxymethyl)furfural derived from the
etherification of HMF with t-butanol can be blended in commercial diesel
at a blending rate up to 40%, resulting in substantial increase in the
cetane number of the blended diesel fuel [17]. On the other hand, the
etherification products of HMF with fatty alcohols have high molecular
weights, which are suitable for being applied as cold-flow improvers to
reduce the viscosity of biodiesel [9].
2, 5-Bis(alkoxymethyl)furans (BAMFs), furanyl di-ethers, are more
ideal candidates to be employed as diesel additives because they have
much better miscibility with commercial diesel than mono-ethers
[18,19]. For instance, 2,5-bis(methoxymethyl)furan (BMMF) is com-
pletely miscible with commercial diesel [20]. The synthesis of BAMFs
can be realized by coulping transfer hydrgenation and etherification of
HMF in alcohols through Meerwein–Ponndorf–Verley (MPV) reduction
[21]. Recently, Sn-based and Zr-based catalysts have successfully pro-
vided a high BAMFs yield through transfer hydrgenation and ether-
ification of HMF in isopropanol or isobutanol [22–25]. However, these
catalysts failed to offer high yields of BAMFs in n-alcohols (e.g. me-
thanol, ethanol, n-propanol, etc.), because the higher reduction po-
tential of primary alcohols makes the abstraction of hydrogen from
primary alcohols for MPV reduction more difficult than that from sec-
ondary alcohols [26]. BAMFs also can be obtained from HMF by hy-
drogenation and etherification in alcohols using molecular hydrogen as
H-donor. Balakrishnan et al. studied one-pot reductive etherification of
HMF in ethanol, achieving a 2,5-bis(ethoxymethyl)furan (BEMF) yield
of 64.0% over a combination of PtSn/Al2O3 and Amberlyst-15 [27]. Mu
et al. proposed a two-step strategy to achieve 70% yield of BMMF from
HMF in methanol by using a Cu/SiO2 and HZSM-5 co-catalyst system
[20]. It is highly desirable to produce BAMFs starting from sugars in the
presence of a multifunctional catalyst from the perspective of economy.
More recently, bi-functional Co-400 catalyst was developed by Li et al.
for the formation of BMMF in methanol by hydrogenation and ether-
ification of HMF, providing the highest BMMF yield up to 98.5% [28].
However, Co-400 failed to catalyze the dehydration of fructose owing
to the absence of Bronsted acidity. Therefore, the development of effi-
cient multifunctional catalysts or catalytic systems that are able to
catalyze dehydration, hydrogenation and etherification is of crucial
importance to the formation of BAMFs from sugars.
Copper-based catalysts are capable of catalyzing numerous reac-
tions such as hydrogenation [29–33], hydrogenolysis [34–36], oxida-
tion [37], etc. Many copper-based catalysts (e.g. Cu-ZnO, Cu-PMO, Cu/
SiO2, CuZn alloy) were reported to be effective for the hydrogenation of
aldehyde group in HMF [38], but no work previously demonstrated that
copper-based catalysts are capable of catalyzing the dehydration of
sugars or the etherification of HMF. In this work, highly dispersed
copper oxide over ultra-stable Y zeolite (CuO(5)-USY) was found to
bring about an abundance of acid sites, which greatly contribute to
develop a facile two-step approach for the production of 5-methox-
ymethylfurfural (MMF) from fructose over CuO(5)-USY by the acid-
catalyzed dehydration of fructose followed by the etherification of
HMF. Interestingly, a small amount of metallic Cu could largely facil-
itate the hydrogenation of aldehyde group in HMF. In this context, we
further proposed a promising two-step strategy for the production of
BMMF from fructose in the presence of CuO(5)-USY and Cu, and BMMF
yield up to 74.5% was achieved.
2. Experimental
2.1. Materials
Zr(NO3)4·5H2O, Zn(NO3)2·6H2O, Ca(NO3)2, Ni(NO3)2·6H2O, Al
(NO3)3·9H2O, Cu(NO3)2 and CuO were purchased from Xilong Chemical
Co. Ltd. Methanol, ethanol, isopropanol, n-propanol, n-butanol and
dimethylsulfoxide (DMSO) were supplied by Sinopharm Chemical
Reagent Co. Ltd in purities of > 99%. Ultra-stable Y zeolite (USY, Si/
Al = 14) was obtained from Zibo Xinhong Chemical Trade Co. Ltd.
Fructose was purchased from Aladdin Reagent Co. Ltd. 2,5-
Bishydroxymethylfuran (BHMF, 95%) and 5-hydroxymethylfurfural
(HMF, 98%) were provided by Bepharm Co. Ltd. and Energy Chemical
Co. Ltd., respectively.
2.2. Catalyst Preparation
All USY supported metal oxide catalysts were prepared by incipient-
wetness impregnation and denoted as M(X)-USY, in which M and X
stand for metal oxide and its loading amount (relative to USY zeolite),
respectively. In a typical preparation procedure of CuO(5)-USY, 1.179 g
Cu(NO3)2 was added into 6 mL deionized water and stirred at 80 °C
until all Cu(NO3)2 was completely dissolved. The resulting nitrate
aqueous solution slowly dripped into 10 g USY zeolite, and then stood
overnight at room temperature. The catalyst precursor was dried in
oven to remove deionized water followed by calcination for 5 h in a
muffle furnace under 400 °C to give CuO(5)-USY catalyst. Also, 2 wt%,
10 wt% or 20 wt% CuO was supported onto USY zeolite by using the
above-mentioned method, which were hereafter shown as CuO(2)-USY,
CuO(10)-USY and CuO(20)-USY, respectively. In a typical preparation
procedure of metallic Cu, 1 g CuO was reduced in a quartz-tube furnace
at atmospheric pressure with a flow of H2/N2 (1:9) by increasing the
temperature from 25 °C to 300 °C and holding for 3 h at 300 °C.
2.3. Characterization
X-ray powder diffraction (XRD) patterns were obtained on a Rigaku
Ultima IV diffractometer with Cu-Kα radiation at 40 kV and 30 mA. For
scanning electron microscope (SEM) analysis, a SUPRA 55 SAPPHIRE
field emission scanning electron microscope at an accelerating voltage
of 20 kV was used. Transmission electron microscope (TEM) analysis
were performed on a JEM-1400 with an acceleration voltage of 100 kV.
The dispersity of CuO was analyzed on a Micromeritics AutoChem II
2920 using the procedure described by Van Der Grift et al. [39] 0.03 g
CuO-USY sample was taken into a U-shaped pyroceram tube and then
was first reduced in a 10% H2/N2 mixture at a flow rate of 30 mL/min
under 450 °C, and the hydrogen consumption (A) was recorded. Then
the pyroceram tube was purged with He and cooled down to 50 °C. The
oxidation of surface copper atoms to Cu2O was performed at 50 °C for
0.5 h in a flow of 20% N2O/N2 (30 mL/min). Afterwards, the pyroceram
tube was flushed with He to remove the oxidant. Finally, the reduction
of surface Cu2O was performed in 10% H2/N2 at a flow rate of 30 mL/
min, and the amount of hydrogen consumption (B) was recorded. The
dispersity (D), the surface area (S) and the average diameter (d) of CuO
over USY were calculated according to the followed equations:
= × ×D 2 B
A
100%
= × ×
× × ×
S 2 B N
A M 1.4 10
av
Cu
19
=
×
d(nm) 6
S Cu
Where Nav, MCu and ρCu represent Avogadro’s constant, the relative
atomic mass of copper (63.46 g/mol) and the density of copper (8.92 g/
cm3), respectively. The number of copper atom of per square meter is
calculated as 1.4 × 1019, because the average surface area of copper
atom is measured as 7.11 × 10-2 nm2 [39].
N2 adsorption-desorption was carried out on a Micromeritics ASAP
2020 sorption analyzer. The mesopore size distribution was obtained by
the Barrett-Joyner-Halenda (BJH) model applied to the adsorption
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branch of the isotherm. The t-plot method was used to discriminate
between micro- and mesoporosity. NH3 temperature-programmed des-
orption (NH3-TPD) and H2 temperature-programmed reduction (H2-
TPR) were measured on a Micromeritics AutoChem II 2920. A Bruker
Tensor 27 spectrometer was used to record Fourier Transform infrared
spectroscopy of pyridine (Py-FTIR). In the Py-FTIR experiment, the
samples were initially pressed in a self-supporting disc (D = 13 mm),
and then reduced at 60 °C for 1 h with subsequent vacuum treatment for
3 h. Pyridine adsorption has been performed by addition of pyridine
doses in the cell at room temperature till full saturation of the signal. X-
ray photoelectron spectroscopy (XPS) analysis has been performed in a
Thermo ESCALAB 250Xi photoelectron spectrometer with mono-
chromated X-ray irradiation Al Kα (hv = 1486.7 eV).
2.4. Typical reactions and product analysis
In this work, all reactions for the formation of furanyl ethers from
HMF/fructose were carried out in a Parr autoclave. In a typical ex-
periment for the formation of BMMF from HMF, 0.2 g of HMF, 19.8 g of
methanol, 0.1 g of CuO(5)-USY and 0.01 g of metallic Cu were loaded
into the reactor. Afterwards, the reactor was sealed and pressurized by
2 MPa of H2, and then heated to the target temperature with vigorous
stirring at 500 rpm. After the reaction, the autoclave was rapidly cooled
down to room temperature by running water, and the pressure was then
released. Finally, the liquid product was separated by filtration and
analyzed by gas chromatography (GC) and gas chromatography-mass
spectrometer (GC-MS), respectively. The production of MMF from HMF
was performed at the same conditions without H2 and metallic Cu. One-
pot preparation of MMF/BMMF from fructose was conducted by the
same procedure using a certain amount of DMSO as a co-solvent.
In a typical two-step reaction of BMMF formation from fructose, a
mixture of 0.286 g fructose, 3.0 g DMSO and 0.1 g CuO(5)-USY was
loaded into the Parr reactor, and then heated to 130 °C for 3 h to pro-
duce HMF in the first step. After the reaction, the autoclave was rapidly
cooled down to room temperature by running water. Afterwards, 16.8 g
methanol and 0.01 metallic Cu were directly added into the obtained
crude HMF product in the reactor, which was sealed and purged with
hydrogen three times, and then pressurized by 2 MPa of H2. The reactor
was reheated to 130 °C for 3 h to yield BMMF in the second step. The
two-step conversion of fructose to MMF was performed at the same
conditions without H2 and metallic Cu.
We conducted the qualitative and quantitative analysis of products
on GC–MS and GC, respectively. HMF conversion (XHMF), product yield
(YProduct) and selectivity (SProduct) were calculated using the followed
equations:
= ×X (mol %) 1 moles of detected HMF
moles of starting HMF
100%HMF
= ×Y (mol %) moles of detected product
moles of starting HMF
100%Product
= ×S product yield
HMF conversion
100%Product
When using fructose as the starting substrate, product yield was
calculated as follows:
= ×Y (mol %) moles of detected product
moles of starting fructose
100%Product
3. Results and Discussion
3.1. Catalyst Characterization
3.1.1. X-ray diffraction
X-ray diffraction (XRD) profiles of USY supported CuO catalysts
display the same set of characteristic diffraction lines in the range of 10°
to 35° with respect to pure USY (Fig. 1). What should be paid attention
to is that the characteristic peaks of CuO could be clearly observed at
2θ= 35.5° and 38.7° in XRD patterns of CuO(10)-USY and CuO(20)-
USY. Nevertheless, no characteristic peak assigned to CuO was visible
in the profiles of CuO(5)-USY and CuO(2)-USY, implying the high dis-
persity of CuO particles in CuO(5)-USY and CuO(2)-USY.
3.1.2. Surface morphology and dispersity of CuO particles
Scanning electron microscope (SEM) and transmission electron
microscope (TEM) images of USY zeolite were provided (Fig. S1, a and
b), which display that USY zeolite is composed of hierarchical analo-
gues [40]. As shown in Fig. S1c, CuO(5)-USY possesses similar micro
morphology to USY parent, which illustrates that the basic framework
of USY zeolite remained unchanged after the supporting of CuO.
Moreover, elemental mapping of Cu also shows Cu species are uni-
formly dispersed on the surface of CuO(5)-USY (Fig. S1d).
The size distribution of CuO particles with different loading amount
over USY zeolite was analyzed by TEM images in Fig. 2. For all CuO-
USY samples, nano-sized CuO particles were dispersed over USY sup-
port. The histograms of the particle size distribution are inserted in the
bottom-left corner of the corresponding TEM images, suggesting that
the diameter of CuO particles increased with the increasing loading of
CuO over USY. In the case of CuO(2)-USY, the diameter of the observed
CuO particles was concentrated in the range of 1-3 nm. When the CuO
loading increased to 5 wt%, the size of CuO particles slightly moves to
higher range of 2-4 nm. In comparison, the diameter of CuO particle
significantly increased to the ranges of 4-8 nm and 7-11 nm for CuO
(10)-USY and CuO(20)-USY, respectively. These above findings indicate
that the agglomeration of CuO particles probably occurred with the
increase of CuO loading.
The average diameter of CuO particles over CuO-USY catalysts was
analyzed and calculated based on TEM, XRD and TPO-TPR character-
ization technologies. As shown in Table 1, the average size of CuO
particles over USY zeolite is highly sensitive to the loading of CuO. For
instance, TEM average diameter was calculated from measuring around
100 particles in random fields of TEM view. The TEM average diameter
of CuO particles slightly increased from 3.1 to 3.6 nm, with the increase
of CuO loading from 2 to 5 wt% (Table 1, entries 1-2). In comparison,
the TEM average diameter dramatically increased to 6.5 or 9.1 nm,
when the CuO loading was further increased to 10 or 20 wt%, respec-
tively (Table 1, entries 3-4). TPO-TPR characterization also provided a
similar variation tendency in the average diameter of CuO with respect
to CuO loading. The average diameter of CuO particles for CuO(2)-USY
Fig. 1. XRD profiles for pure USY (a), CuO(2)-USY (b), CuO(5)-USY (c), CuO
(10)-USY (d) and CuO(20)-USY.
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and CuO(5)-USY cannot be calculated by Scherrer equation because
XRD cannot probe the crystallites of CuO until the CuO loading in-
creased to 10 wt%. The CuO average diameters of CuO(10)-USY and
CuO(20)-USY are 5.8 and 8.3 nm, respectively, which are close to those
measured by TPO-TPR characterization. The dispersity of CuO over USY
zeolite was further calculated. As shown in Table 1, CuO(5)-USY pos-
sessed a high dispersity of CuO particles (36.4%) that is comparable to
that of CuO(2)-USY (38.1%). On the contrary, the dispersity of CuO
particles in CuO(10)-USY or CuO(20)-USY remarkably decreased to
17.3% or 12.4%, respectively. The above findings demonstrated that
both the diameter and dispersity of CuO over USY zeolite are highly
sensitive to the loading of CuO.
3.1.3. N2 adsorption-desorption
The N2 adsorption/desorption isotherms in Fig. S2 show that USY
and CuO-USY samples resulted in the characteristic plot for IUPAC
type-IV isotherms with H3-type hysteresis loops, which is consistent
with the aggregation of hierarchical porous crystals.[40,41] The dis-
tribution diagrams of mesoporous diameter were inserted in the top-left
corner of N2 adsorption/desorption isotherms, where the mesoporous
diameter of USY and all CuO-USY samples were concentrated at 3-4 nm
(Fig. S2). Table 2 collected the textural properties of USY zeolite and
CuO-USY catalysts, including specific surface area, pore volume and
micropore volume. USY zeolite possessed a high surface area of 740
m2/g with a pore volume of 0.37 m3/g and a micropore volume of
0.23 m3/g. The surface area, pore volume and micropore volume
dropped upon the addition of CuO. For instance, the surface area and
pore volume of CuO-USY catalyst gradually decreased from 614 m2/g
Fig. 2. TEM images and particle distribution of CuO(2)-USY (a), CuO(5)-USY (b), CuO(10)-USY (c) and CuO(20)-USY (d).
Table 1
Average diameter and dispersity of CuO for CuO-USY catalysts.
Entry Catalyst CuO average diameter, nm Dispersityb, %
TEMa TPO-TPR[b] XRDc
1 CuO(2)-USY 3.1 2.7 - 38.1
2 CuO(5)-USY 3.6 2.9 - 36.4
3 CuO(10)-USY 6.5 6.0 5.8 17.3
4 CuO(20)-USY 9.1 8.4 8.3 12.4
a Calculated according to =dTEM
nidi
3
nidi
2 , where ni is the number of particles
having a characteristic diameter (di) [54].
b Calculated method was described in experimental Section 2.3.
c Calculated by the Scherrer equation.
Table 2
Textural properties of USY and CuO-USY catalysts.
Entry Sample S.A.a, m2/g Vporeb, cm3/g Vmicroporec, cm3/g
1 USY 740 0.37 0.23
2 CuO(2)-USY 614 0.33 0.13
3 CuO(5)-USY 595 0.32 0.14
4 CuO(10)-USY 588 0.31 0.19
5 CuO(20)-USY 465 0.25 0.21
a Surface area.
b Volume adsorbed at P/P0 = 0.9999
c By t-plot method.
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and 0.33 cm3/g to 465 m2/g and 0.25 cm3/g, respectively, with in-
creasing CuO loading from 2 wt% to 20 wt%. However, with the en-
hancement of CuO loading, the micropore volume of CuO-USY catalysts
increased from 0.13 to 0.21 cm3/g. Apparently, large-sized CuO parti-
cles on the surface of CuO(10)-USY or CuO(20)-USY were beneficial to
retain the micropores of USY zeolite.
3.1.4. H2-TPR
Figs. S3 and 3 illustrate H2-TPR profiles of pure CuO and CuO-USY
catalysts. As shown in Fig. S3, only one peak was observed in the H2-
TPR profile of pure CuO, which could be attributed to the reduction of
Cu2+ to Cu0 [42,43]. For CuO-USY catalysts, the intensity of reduction
peaks remarkably decreased with the decrease of CuO content. It was
found that CuO(10)-USY and CuO(20)-USY had two hydrogen con-
sumption peaks (Fig. 3, b and c), indicating that two kinds of CuO
species formed over USY support. To be specific, the peaks centered at
lower temperatures (287 and 285 °C) can be assigned to the reduction
of highly dispersed CuO (HD-CuO) species over USY support, whereas
the peaks around at higher temperatures (333 and 353 °C) can be as-
cribed to the reduction of bulk CuO species [44]. In addition, with the
decrease of CuO loading, the intensity of the peak for the reduction of
bulk CuO more sharply decreased as compared to that peak for the
reduction of HD-CuO, illustrating that relatively low CuO loading fa-
vors the formation of HD-CuO. For example, almost only one peak al-
located to the reduction of HD-CuO was observed in the H2-TPR profile
of CuO(5)-USY (Fig. 3, a). This finding is well agree with the average
diameter of CuO particles over USY zeolite with varied CuO loading
(Table 1).
3.1.5. Surface acidic property
The acidic property of the CuO-USY catalysts was investigated by
NH3-TPD. As shown in Fig. 4A, all catalysts show broad profiles in the
range of 100-600 °C, implying the coexistence of weak, moderate and
strong acid sites. In this context, these acid sites were quantitated based
on peak fitting deconvolution (Fig. S4). As shown in Table 3, the weak
and strong acid sites gradually decreased with the increasing CuO
content. Nevertheless, the pronounced enhancement in the moderate
acid sites was observed with the CuO loading increasing to 5 wt%,
rendering the highest total acid sites of 1779.0 μmol/g for CuO(5)-USY
(Table 3, entries 2-3). Interestingly, the moderate and total acid sites
dramatically reduced to 278.1 and 808.7 μmol/g for CuO(10)-USY
(Table 3, entry 4).
To gain more insights into the acidic species of CuO-USY catalysts,
Py-FTIR analysis was carried out for these catalysts. As shown in
Fig. 4B, the peaks at 1452 and 1543 cm-1 can be allocated to Lewis and
Bronsted acid sites, respectively, which were quantitated according to
fitting deconvolution [45]. As shown in Table 3, USY zeolite had the
most Bronsted acid sites of 361.5 μmol/g with negligible Lewis acid
sites (Table 3, entry 1). Notably, Lewis acid sites were significantly
increased to 457.1 μmol/g at the cost of Bronsted acid sites (219.9
μmol/g) in the case of CuO(5)-USY (Table 3, entry 3). Incredibly, both
Lewis and Bronsted acid sites steeply decreased to 53.6 and 7.9 μmol/g,
respectively if the CuO loading increased to 10 wt% in CuO(10)-USY
(Table 3, entry 4). This observation is in good agreement with the re-
sults of NH3-TPD, indicating that the introduction of CuO onto USY
zeolite brought about moderate Lewis acid sites (Table 3). Partial Al-OH
species on the surface of USY zeolite could be transformed into Al-O-
Cu2+ species in CuO-USY catalysts (discussed in details in XPS ana-
lysis), new Lewis acid sites thus generated at the cost of Bronsted acid
sites over USY zeolite. In this context, highly dispersed CuO particles
over CuO(2)-USY or CuO(5)-USY could offer plenty of Lewis acid sites
(Al-O-Cu2+ species), whereas bulk CuO particles over CuO(10)-USY
brought about a small amount of Lewis acid sites at the cost of Bronsted
acid sites.
3.1.6. XPS analysis
The electronic state of elements on the surface of CuO(5)-USY cat-
alysts was characterized by XPS (Figs. 5A and S5). As shown in
Fig. 5A(a), Cu2p3/2 and Cu2p1/2 of pure CuO show binding energies
(BE) around at 933 and 953 eV, respectively, disclosing that only Cu(II)
species existed in pure CuO. The detected peak at a BE region between
938 and 948 eV can be attributed to the satellite of Cu(II) species. In
comparison, a careful deconvolution of either Cu2p3/2 or Cu2p1/2 for
CuO(5)-USY shows an additional shoulder peak at higher BE ranges
(Fig. 5A(b)), which is probably attributed to the formation of Al-O-Cu
(II) species by the strong interaction between Cu(II) species and USY
support.[46–48] Indeed, such a shift of BE for the Cu(II) species is
characteristic of a charge transfer from Cu2+ towards the USY support
[49]. As observed from Fig. S5, both Si2p and O1s XPS signals of CuO
(5)-USY can be fitted by one Gaussian peak, while the XPS signal for the
Al2p shows an unsymmetrical profile that can be fitted by two Gaussian
peaks, which should be assigned to Si-O-Al-OH and Si-O-Al-O-Cu(II)
species, respectively, suggesting the charge transfer from Cu2+ towards
support aluminum through oxide as a bridge. It is known that the
Bronsted acidity of USY zeolite results from the surface OH groups (Al-
OH), which are formed for balancing the charge on the zeolite frame-
work induced by the presence of aluminum [50]. The number of OH
groups on the surface of USY support decreased after Cu2+/H+ ex-
change (Fig. 5B) [51]. Hence, Lewis acid sites (surface Cu2+ species)
generated at the cost of Bronsted acid sites via the formation of Al-O-Cu
(II) species after the introduction of CuO onto the surface of USY, which
is in good agreement with the characterization of Py-FTIR (Table 3).
3.2. Etherification of HMF over CuO-USY
The effect of USY supported metal oxides on product distribution
was examined initially in isopropanol under 120 °C and for 3 h. As
shown in Table 4,and 5-hydroxymethylfurfural diisopropylacetal
(HMFDPA) and 5-isopropoxymethylfurfural (PMF) were detected as the
main products in the most of tests, which formed by the acetalation and
etherification of HMF with isopropanol over Brønsted and Lewis acid
sites, respectively. However, ZnO(5)-USY and CaO(5)-USY showed
negligible catalytic activity for the conversion of HMF in isopropanol
(Table 4, entries 1 and 2). NiO(5)-USY provided a HMF conversion of
35.8% with 2,5-bishydroxymethylfuran (BHMF) and PMF as the main
products (Table 4, entry 3), indicating that NiO(5)-USY is capable of
catalyzing the etherification and MPV reduction reaction of HMF. The
HMF and PMF selectivity were further improved to 49.1%, 78.2% and
60.3%, 59.6% over Al2O3(5)-USY or ZrO2(5)-USY, respectively
(Table 4, entries 4 and 5). Intriguingly, CuO(5)-USY afforded complete
consumption of HMF and a high PMF selectivity up to 94.9% with a
Fig. 3. H2-TPR profiles of CuO(5)-USY (a), CuO(10)-USY (b) and CuO(20)-USY
(c). HD-CuO: highly dispersed CuO.
J. Wei, et al. Applied Catalysis B: Environmental 258 (2019) 117793
5
high TOF of 25.3 h-1 under the same conditions (Table 4, entry 6), re-
flecting the highest activity compared to other USY supported metal
oxides (Table 4, entries 1-5). If the reaction was catalyzed by a mixture
of USY zeolite and copper oxide, low HMF conversion (19.2%) with no
PMF was achieved (Table 4, entry 7), which implies that the dispersity
of CuO over USY support has a crucial effect on the catalytic perfor-
mance of the catalyst. The superior catalytic performance of CuO(5)-
USY should be attributed to the abundance of acid sites over CuO(5)-
USY with highly dispersed CuO particles (Tables 2 and 4).
Given the superior catalytic performance of CuO-USY, the effect of
loading amount of CuO over USY zeolite on product distribution was
further investigated (Fig. 6). In the case of pure USY zeolite, HMF
conversion of 29.4% with negligible PMF was achieved (Table 4, entry
8), implying USY zeolite with Bronsted acid sites is not able to effec-
tively catalyze HMF etherification under the applied conditions. Inter-
estingly, both HMF conversion and PMF selectivity were remarkably
improved to 76.7% and 80.8% over CuO(2)-USY, which further in-
creased to 100% and 94.9%, respectively over CuO(5)-USY under the
same reaction conditions. However, HMF conversion and PMF se-
lectivity sharply decreased to 44.8% and 59.0%, respectively in the
presence of CuO(10)-USY. This above finding is in good consistent with
the amount for Lewis acid sites in CuO-USY catalysts (Table 4), in-
dicating that Lewis acid sites resulting from the introduction of CuO
greatly facilitated the etherification of HMF with isopropanol to give
PMF.
The etherification of HMF to yield 5-alkoxymethylfurfurals (AMFs)
also relies on the experimental alcohol solvents. It should be noted that
the steric hindrance (SH) of alcohols has significant influence on the
formation of ethers. To evaluate the effect of the SH of alcohols on the
product selectivity, the etherification of HMF was conducted in a
mixture of C1-C4 alcohols at 120 °C in 3 h. For all studied n-alcohols,
the AMFs selectivity decreased with the increase of the SH value
of corresponding n-alcohol. As shown in Fig.7, the SH value of
n-alcohols increases in the order of methanol (1.986 kcal/mol)
< ethanol (2.813 kcal/mol) < n-propanol (4.116 kcal/mol) < n-bu-
tanol (4.688 kcal/mol), which resulted in AMFs selectivities decreasing
in the order of 5-methoxymethylfurfural (MMF, 48.3%)
> EMF (22.8%) > 5-propoxymethylfurfural (n-PMF, 8.5%) > 5-butox-
ymethylfurfural (n-BMF, 5.2%). Interestingly, isopropanol with a lower
SH offered a relatively low PMF selectivity (4.8%) versus to n-PMF,
demonstrating that HMF might be more difficult to react with sec-al-
cohols. At this point, one can thus conclude that methanol is a prefer-
able solvent for the etherification of HMF over CuO(5)-USY as com-
pared to other alcohols.
In addition, the etherification of HMF was conducted in different n-
alcohols individually over CuO(5)-USY at 100-120 °C in 3 h, and de-
sirable AMF yields were obtained in all the cases (Table S1). As ex-
pected, methanol gave a MMF yield up to 98.3% at a relatively low
temperature (100 °C) within 3 h (Table S1, entry 1). Ethanol gave a EMF
yield as high as 96.9% at 110 °C in 3 h (Table S1, entry 2). Moreover, a
Fig. 4. NH3-TPD profiles (A) and Py-FTIR spectra (B) of USY zeolite (a), CuO(2)-USY (b), CuO(5)-USY (c) and CuO(10)-USY (d).
Table 3
Composition of acid sites for USY zeolite and CuO-USY catalysts.
Entry Catalyst Acid sites, μmol/g
Weaka Moderatea Stronga Total Lewisb Bronstedc “L + B”d
1 USY 573.8 350.0 309.2 1233.0 9.1 361.5 370.6
2 CuO(2)-USY 508.6 532.6 296.5 1337.7 247.3 335.9 583.2
3 CuO(5)-USY 431.3 1124.3 223.4 1779.0 457.1 219.9 607.0
4 CuO(10)-USY 335.3 278.1 195.3 808.7 53.6 7.9 61.5
a Calculated by fitting deconvolution of peaks in Fig. S4; weak acid sites are the sum of weak 1 and weak 2.
b Calculated by fitting deconvolution of peaks assigned to Lewis acidity in Fig. 4B.
c Calculated by fitting deconvolution of peaks assigned to Bronsted acidity in Fig. 4B.
d The sum of Lewis and Bronsted acid sites.
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n-PMF yield of 95.9% and a n-BMF yield of 91.5% were achieved at
120 °C in 3 h in the presence of CuO(5)-USY (Table S1, entries 3-4).
Therefore, a family of C8-C10 mono-ethers could be readily prepared in
high yields over CuO(5)-USY.
3.3. Reductive etherification of HMF in methanol
It is highly desirable to produce BAMFs by the reductive ether-
ification of HMF, because they have high energy density and greater
miscibility with commercial diesel than mono-ethers [18,19]. To this
end, the reductive etherification of HMF was performed in methanol
under H2 atmosphere (Table 5). However, USY and CuO(5)-USY still
gave 5-hydroxymethylfurfural dimethylacetal (HMFDMA) and MMF as
the dominant product without BMMF at 90 °C in 3 h under H2 atmo-
sphere (Table 5, entries 1 and 2), implying that USY and CuO(5)-USY
are not able to catalyze the hydrogenation of HMF. Many metallic Cu
catalysts were served as active catalysts for the HMF hydrogenation
[38], Cu(5)-USY was thus prepared by the reduction of CuO(5)-USY at
Fig. 5. A) XPS spectra of pure CuO (a) and CuO(5)-USY (b); B) The Cu2+/H+ exchange on the surface of USY in the procedure of calcination.
Table 4
. Catalytic performance of USY supported metal oxides in HMF etherification in isopropanol.a
Entry Catalystb XHMF, % TOFc, h-1 Selectivity of products, %
PMF HMFDPA
1 ZnO(5)-USY 2.6 - n.d n.d
2 CaO(5)-USY 0.5 - n.d n.d
3d NiO(5)-USY 35.8 4.2 42.7 n.d
4 Al2O3(5)-USY 49.1 7.9 60.3 16.3
5 ZrO2(5)-USY 78.2 15.3 59.6 29.8
6 CuO(5)-USY 100.0 25.3 94.9 0.5
7 USY + CuOe 19.2 - n.d 89.6
8 USY 29.4 - 2.6 93.3
a Reaction conditions: 120 °C, 3 h, 0.2 g HMF, 19.8 g isopropanol and 0.1 g catalyst; n.d: not detected.
b The SiO2/Al2O3 mole ratio of USY zeolite is 14.
c The “TOF” value was calculated based on the content of active metal oxides in the same conversion level (around 10%).
d A BHMF selectivity of 38.0% was obtained.
e The dosages of USY and CuO are equal to those in 0.1 g CuO(5)-USY.
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300 °C for 2 h under H2 flow (10 vol% H2/N2). Although, BMMF se-
lectivity of 26.1% was achieved over Cu(5)-USY at the same conditions,
HMF conversion sharply decreased to 43.6% with HMFDMA formed by
the acetalation of HMF as the main product (Table 5, entry 3). The poor
catalytic activity for the etherification of HMF over Cu(5)-USY should
be probably attributed to the partial loss of Lewis acid sites (Cu2+
species) during the reduction process of CuO.
In order to produce BMMF with high selectivity, a combination of
CuO(5)-USY and metallic Cu powder was examined for the reductive
etherification of HMF under H2 atmosphere in methanol. As expected,
the Cu-based mixed catalysts offered a 100% HMF conversion with an
improved BMMF selectivity of 68.1% at 90 °C in 3 h under H2 atmo-
sphere (Table 5, entry 4). The BMMF selectivity gradually increased to
95.3% at the cost of MMF selectivity in the presence of the Cu-based
mixed catalysts if the reaction temperature further increased to 130 °C
within 3 h (Table 5, entries 5-8). Notably, only MMF and BMMF were
detected in the products derived from the reductive etherification of
HMF over the Cu-based mixed catalyst system, and both of them can be
employed as potential bio-diesel additives. Therefore, it is flexible to
produce a mixture of MMF and BMMF at relatively moderate condi-
tions, or to obtain BMMF with high yield at relatively high temperature
in the presence of Cu-based mixed catalyst system.
A plausible reaction pathway for the reductive etherification of
HMF to BMMF in the presence of Cu-based mixed catalysts was pro-
posed in Scheme 1. Given that the “CuO(5)-USY + Cu” catalytic system
has superior catalytic activity for both hydrogenation and etherification
reactions, there is thus two possible routes for the reductive ether-
ification of HMF to BMMF (Scheme 1). In the route 1, HMF first un-
dergoes the etherification with methanol to form MMF, which could be
further reduced to 2- hydroxymethyl-5-methoxymethylfuran (HMMF)
followed by the etherification to give BMMF. In the route 2, HMF is first
subjected to the hydrogenation to BHMF, which could be converted to
BMMF through HMMF as the intermediate by two successive ether-
ification reactions. Notably, 100% HMF conversion with no BHMF or
HMMF was achieved in all the tests in Table 5, indicating that the
etherification of HMF, BHMF or HMMF is a fast step over these Cu-
based catalysts under the applied conditions.
To gain more insights into the reaction pathway of the reductive
etherification of HMF over the Cu-based mixed catalyst, we compared
the reaction rate between the etherification over CuO(5)-USY and the
hydrogenation over metallic Cu at the same conditions (90 °C). As
shown in Fig. 8, the reaction rate for the etherification of BHMF is
slightly higher than that of HMF catalyzed by CuO(5)-USY. In addition,
the hydrogenation of HMF shows a slightly higher reaction rate as
compared to that of the hydrogenation of MMF in the presence of
metallic Cu. However, the reaction rate for the etherification of HMF
over CuO(5)-USY is much higher than that for the hydrogenation of
HMF over metallic Cu (Fig. 8). It is known that CuO(5)-USY has no
hydrogenation activity under hydrogen atmosphere (Table 5, entry 2),
and metallic Cu is not able to promote the etherification reaction.
Therefore, CuO(5)-USY and Cu are independently responsible for the
etherification and hydrogenation reactions, respectively in the mixed
catalyst system. One can thus infer that the reductive etherification of
HMF in methanol preferentially undergoes the route 1 (Scheme 1) to
BMMF in the presence of CuO(5)-USY and Cu. On the other hand, a spot
of generated BHMF could be instantly etherified to HMMF or BMMF,
because of the high reaction rate for BHMF etherification over CuO(5)-
USY (Fig. 8). Hence, the hydrogenation of MMF is the rate limiting step
for BMMF formation by the reductive etherification of HMF over Cu-
based mixed catalyst system, due to the relatively low hydrogenation
rate of MMF over metallic Cu (Fig. 8).
Excitingly, this Cu-based mixed catalyst system is also well applic-
able to the production of a spectrum of BAMFs in other C2-C4 alcohols.
As shown in Table S2, the desirable yields of 2, 5-bis(ethoxymethyl)
furan, 2, 5-bis(isopropoxymethyl)furan, 2, 5-bis(propoxymethyl)furan
and 2, 5-bis(butoxymethyl)furan were offered as 92.4%, 81.4%, 80.2%
and 76.5%, respectively under the optimized reaction conditions.
3.4. Catalyst recirculation
The stability of catalysts is of great importance for the practical
application; thus, the recycling tests of Cu-based catalysts were carried
out in methanol. In this study, the spent catalyst was recycled from the
Fig. 6. Effect of the CuO loading on the catalytic performance in HMF ether-
ification. Reaction conditions: 120 °C, 3 h, 0.2 g HMF, 0.1 g catalyst and 19.8 g
isopropanol.
Fig. 7. Effect of steric hindrance of alcohols on the etherification of HMF to
AMFs with methanol (a), ethanol (b), isopropanol (c), n-propanol (d) and n-
butanol (e). Reaction conditions: 120 °C, 3 h, 0.5 g HMF, 0.2 g CuO(5)-USY and
50.0 g mixed alcohols (each alcohol is 10.0 g).
Table 5
. Coupled hydrogenation and etherification of HMF in methanola
Entry Catalyst T, ºC XHMF, % Selectivity, %
HMFDMA MMF BMMF
1 USY 90 13.8 100.0 n.d n.d
2 CuO(5)-USY 90 92.0 7.8 92.1 n.d
3 Cu(5)-USY 90 43.6 56.2 6.9 26.1
4 CuO(5)-USY + Cu 90 100.0 n.d 31.8 68.1
5 CuO(5)-USY + Cu 100 100.0 n.d 25.1 74.3
6 CuO(5)-USY + Cu 110 100.0 n.d 14.6 84.0
7 CuO(5)-USY + Cu 120 100.0 n.d 5.9 92.2
8 CuO(5)-USY + Cu 130 100.0 n.d n.d 95.3
a Reaction conditions: 0.2 g HMF, 19.8 g methanol (R-OH), 0.1 g USY/CuO
(5)-USY/ Cu(5)-USY, 0.01 g Cu, 3 h and 2 MPa H2; n.d: not detected.
J. Wei, et al. Applied Catalysis B: Environmental 258 (2019) 117793
8
solution by filtration in vacuum after reaction and washed with me-
thanol three times, then the resulting catalyst was dried at 100 °C for
2 h before being put into the next cycle. As shown in Fig. 9A, both HMF
conversion and MMF selectivity nearly kept unchanged for the ether-
ification of HMF over CuO(5)-USY in methanol after five cycles. The
possible leaching of Cu species from CuO(5)-USY was also measured by
ICP-OES, which suggested that negligible Cu species (less than 0.1%
relative to the molar weight of Cu in the fresh catalyst) were detected in
the liquid product obtained from the etherification of HMF over CuO
(5)-USY. Elemental analysis demonstrated that no carbon deposit was
detected in the spent CuO(5)-USY recovered from the fifth cycle, sug-
gesting that almost no furanyl ether covered the active sites and/or
blocked the pores of catalysts. Therefore, the spent CuO(5)-USY re-
covered from the fifth cycle possessed comparable acid sites and BET
surface area to those of the fresh one (Fig. S6, a and c). Besides, almost
the same XRD profiles for the fresh catalyst and spent catalyst recovered
from the fifth cycle were observed. Based on the above observations,
CuO(5)-USY acted as an efficient and robust catalyst for the ether-
ification of HMF in methanol.
Recycling tests of the combination of CuO(5)-USY and Cu for the
reductive etherification of HMF was also conducted using the same
strategy. As can be seen from Fig. 9B, HMF conversion and the total
selectivity of BMMF and MMF almost remained constant even after the
fifth reuse of the combined Cu-based catalyst. However, the selectivity
of BMMF decreased considerably from 74.3% to 37.9%, whereas MMF
selectivity increased from 25.1% to 59.0 % after the fifth reuse of the
combined Cu-based catalyst. Given only a small amount of Cu powder
(0.01 g) in the combined Cu-based catalysts, it is reasonable that the
partial loss of metallic Cu is inevitable during the recycling of the
combined Cu-based catalysts. Therefore, the partial loss of metallic Cu
should mainly responsible for the decrease in the catalytic activity of
the combined Cu-based catalyst for the hydrogenation of MMF. For the
mixed Cu catalysts containing Cu-USY and metallic Cu, it is infeasible to
measure the loss of metallic Cu with the recycling test of the mixed Cu
catalysts. To verify the above assumption, the recycling tests of metallic
Cu for the hydrogenation of HMF were conducted (Table S3). It was
found that BHMF selectivity of 100.0% was achieved in every catalytic
cycle while the HMF conversion and the recycling mass of metallic Cu
gradually decreased to 31.7% and 0.0040 g after five cycles,
Scheme 1. A plausible reaction pathway for the reductive
etherification of HMF to BMMF.
Fig. 8. Comparison of reaction rate between the etherification reaction over
CuO(5)-USY and the hydrogenation reaction over metallic Cu. Etherification
reaction conditions: 0.2 g HMF/BHMF, 19.8 g methanol, 0.1 g CuO(5)-USY,
90 °C and 2 MPa N2. Hydrogenation reaction conditions: 0.2 g HMF/MMF,
19.8 g methanol, 0.01 g Cu, 90 °C and 2 MPa H2.
Fig. 9. Recycled experiments for the etherification of HMF
over CuO(5)-USY (A) and the reductive etherification of HMF
over a combination of CuO(5)-USY and Cu (B). Reaction
conditions: 0.2 g HMF, 19.8 g methanol, 0.1 g CuO(5)-USY,
100 °C, 3 h, 2 MPa H2, and 0.01 g Cu added to the reductive
etherification reactions. Another 0.01 g Cu was added in 6th
run.
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respectively. The HMF conversion recovered in the sixth cycle if an-
other 0.0060 g spent metallic Cu from the fifth cycle was added into the
reaction, suggesting that the decrease in the hydrogenation activity is
mainly caused by the partial loss of metallic Cu. In this context, another
0.01 g Cu was added into the spent combined Cu-based catalyst and
reused in the sixth recycling test. As expected, BMMF selectivity re-
covered to the similar level to that obtained in the presence of the fresh
combined Cu-based catalysts (Fig. 9B).
3.5. Conversion of fructose to furanyl ethers
In light of USY zeolite having plenty of Bronsted acid sites (Table 3,
entry 1), the catalytic performance of USY zeolite for the dehydration of
fructose to HMF was evaluated. We first performed the acid-catalyzed
dehydration of fructose in DMSO. As expected, CuO(5)-USY gave a
desirable HMF yield of 86.2% at 130 °C in 3 h. In comparison, USY
zeolite only offered a moderate HMF yield of 56.3% from fructose at the
same conditions, which indicates that Lewis acid sites resulted from the
introduction of CuO in CuO(5)-USY greatly promoted the dehydration
of fructose to HMF. This finding suggests that CuO(5)-USY could serve
as a highly efficient catalyst for both fructose dehydration and HMF
etherification.
Encouraged by the above findings, we further investigated the one-pot
conversion of fructose into furanyl ethers in methanol. However, a MMF
yield of only 14.1% with no HMF was obtained from fructose over CuO
(5)-USY in methanol at 130 °C for 3 h (Table 6, entry 1). Notably, a black
liquid product with a small amount of methyl levulinate (ML) was ob-
tained in this case, indicating that the most of fructose probably converted
into by-products like humins in the presence of CuO(5)-USY in methanol.
Interestingly, the MMF yield pronouncedly increased with the addition of
DMSO in methanol at the same conditions. For example, a MMF yield of
35.4% was achieved from fructose in 50 wt% DMSO methanol solution
(Table 6, entry 2), which further increased to 56.9% in 75 wt% DMSO
methanol solution (Table 6, entry 4). The solvation of HMF by DMSO
probably occurred, which could keep the resulting HMF from the side-
reactions to form humins [52], and then facilitated the etherification of
HMF to MMF. On the other hand, the introduction of DMSO could pro-
mote the dissociation of methanol to provide a more acidic environment
[53], which is also beneficial to the acid-catalyzed dehydration of fructose
to HMF and the subsequent etherification to MMF.
Nevertheless, further increasing DMSO content to 80 wt% resulted
in a significant decrease in the MMF yield (37.0%) with an improved
HMF yield of 15.2% (Table 6, entry 5). Apparently, the relatively low
methanol concentration was also detrimental to the etherification of
HMF in this case. In addition, a combination of CuO(5)-USY and me-
tallic Cu could give a BMMF yield of 47.3% starting from fructose at
130 °C for 3 h in 75 wt% DMSO methanol solution (Table 6, entry 6).
Note that this is the first report on the one-pot conversion of fructose to
BMMF with a moderate yield.
To further increase the furanyl ethers yield from fructose, a facile
two-step strategy was proposed based on the Cu-based catalyst system
in this study. As shown in Scheme 2, the initial dehydration of fructose
was conducted at 130 °C for 3 h over CuO(5)-USY in pure DMSO, giving
a desirable HMF yield of 86.2%. Then, methanol was directly added
into the obtained crude HMF product. As for the MMF production, the
resulting mixture was reheated to 100 °C for another 3 h to give a MMF
yield up to 79.6% based on fructose, which is the highest MMF yield to
date starting from fructose over a heterogeneous catalyst. Excitingly,
BMMF yield as high as 74.5% based on fructose was also achieved if
extra 0.01 g metallic Cu was introduced and the resulting mixture re-
acted at 130 °C for another 3 h under 2 MPa H2. Therefore, it is flexible
to afford MMF or BMMF with desirable yield from fructose in the
presence of the Cu-based catalyst system.
4. Conclusions
In this work, a flexible Cu-based catalyst system consisting of CuO-
USY or with metallic Cu was proposed for the transformation of fructose
to furanyl ethers, such as 5-alkoxymethylfurfurals (AMFs) and 2,5-bis
(alkoxymethyl)furans (BAMFs), as potential bio-fuels. The dispersity of
CuO over CuO-USY catalyst could be manipulated by adjusting the
loading of CuO. Specifically, relatively low CuO loading favored the
formation of highly dispersed CuO, and Lewis acid sites generated at
the cost of Bronsted acid sites by the formation of Al-O-Cu(II) species.
Among CuO-USY catalysts with varied CuO loading, CuO(5)-USY with
an abundance of acid sites exhibited superior catalytic performance for
both fructose dehydration and the etherification of HMF. Moreover, a
small amount of metallic Cu could effectively facilitate the hydro-
genation of HMF and 5-alkoxymethylfurfurals (AMFs) under hydrogen
atmosphere. In this context, a family of AMFs or BAMFs can be pro-
duced from fructose by a facile two-step strategy in a flexible Cu-based
catalyst system. For instance, 5-methoxymethylfurfural (MMF) up to
79.6% was achieved over CuO(5)-USY by the dehydration of fructose in
DMSO and the subsequent etherification of HMF in DMSO/methanol
mixture. Excitingly, 2,5-bis(methoxymethyl)furan (BMMF) yield as
high as 74.5% was also obtained from fructose by the dehydration and
the subsequent reductive etherification in the presence of CuO(5)-USY
and Cu.
Table 6
. One-pot conversion of fructose to furanyl ethers in methanola
Entry Catalyst Solvent composition Yield, %
HMF MMF ML BMMF
1 CuO(5)-USY 100 wt% methanol n.d 14.1 5.3 n.d
2 CuO(5)-USY 50 wt% DMSO n.d 35.4 1.4 n.d
3 CuO(5)-USY 67 wt% DMSO n.d 50.5 n.d n.d
4 CuO(5)-USY 75 wt% DMSO 1.8 56.9 n.d n.d
5 CuO(5)-USY 80 wt% DMSO 15.2 37.0 n.d n.d
6b CuO(5)-USY + Cu 75 wt% DMSO n.d n.d n.d 47.3
a Reaction conditions: 0.286 g fructose, 0.1 g CuO(5)-USY, 19.8 g solvent,
130 °C and 3 h; n.d: not detected.
b 0.286 g fructose, 0.1 g CuO(5)-USY, 0.01 g Cu, 19.8 g solvent, 130 °C,
2 MPa H2 and 3 h.
Scheme 2. The preparation of MMF/BMMF from fructose by a two-step strategy. Reaction conditions for step 1: 0.286 g fructose, 3.0 g DMSO, 0.1 g CuO(5)-USY,
130 °C and 3 h. Reaction conditions for step 2: 16.8 g methanol, 100 °C and 3 h for MMF production; extra 0.01 g Cu, 130 °C and 2 MPa H2 for BMMF formation.
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